Emiliania huxleyi is a bloom forming microalga that impacts the global sulfur cycle by producing large amounts of dimethylsulfoniopropionate (DMSP) and its volatile metabolic product dimethyl sulfide (DMS). Top-down regulation of E. huxleyi blooms is attributed to viruses and grazers, however, the possible involvement of algicidal bacteria in bloom demise is still elusive. We isolated from a North Atlantic E. huxleyi bloom a Roseobacter strain, Sulfitobacter D7, which exhibited algicidal effects against E. huxleyi upon coculturing. Both the alga and the bacterium were found to co-occur during a natural E. huxleyi bloom, therefore establishing this host-pathogen system as an attractive, ecologically relevant model for studying alga-bacterium interaction in the oceans. During interaction, Sulfitobacter D7 consumed and metabolized algal DMSP to produce high amounts of methanethiol, an alternative product of DMSP catabolism. We revealed a unique strain-specific response, in which E. huxleyi strains that exuded higher amounts of DMSP were more susceptible to Sulfitobacter D7 infection. Intriguingly, exogenous application of DMSP enhanced bacterial virulence and induced susceptibility in a resistant algal strain to the bacterial pathogen. This DMSP-dependent pathogenicity was highly specific as compared to supplementation of propionate and glycerol. We propose a novel function for DMSP, in addition to its central role in mutualistic interactions, as a mediator of bacterial virulence that may regulate E. huxleyi blooms.
regulation of the fate of phytoplankton blooms and the cellular mechanisms governing it are largely unknown (3, 8, (46) (47) (48) .
Activity of algicidal bacteria can be mediated by physical attachment (15, 49) , or by secretion of toxins or hydrolytic exo-enzymes (4, 12, 50) or by combing both strategies (51) .
For example, chemical cues from E. huxleyi trigger production of roseobacticides by Phaeobacter inhibens which leads to algal cell death (12, 52) . Although co-occurrence of algicidal bacteria with their algal host was demonstrated in the environment (15, 49) , there is still limited knowledge on how these algicidal interactions are manifested and what is their impact on phytoplankton blooms.
In the current work we isolated a Sulfitobacter strain (D7) from a North Atlantic E. huxleyi bloom. We established a robust co-culturing system in which Sulfitobacter D7 exhibited algicidal activity against E. huxleyi while consuming algal DMSP and producing high amounts of volatile organic sulfur compounds. We further examined how differential DMSP exudation, by a suite of E. huxleyi strains, may affect susceptibility to Sulfitobacter D7 infection. In a complimentary approach, we show that addition of DMSP promoted bacterial pathogenicity against E. huxleyi in a dose-dependent manner and induced susceptibility in a resistant algal strain. Finally, we discuss the routes in which DMSP can promote bacterial virulence and the potential role of pathogenic bacteria in regulating algal bloom dynamics.
Results and Discussion
We obtained a bacterial consortium associated with copepods collected during an E. huxleyi bloom in the North Atlantic with the notion that grazers co-ingest microorganisms that interact with the algal prey (53) (Figure 1a ). Inoculation of this copepod-associated microbiome (CAM) into E. huxleyi 379 cultures led to algal cell death.
Upon application of antibiotics, the effect of CAM on E. huxleyi was abolished (Supplementary Figure S1a ). This provided a first indication for the presence of pathogenic bacteria in CAM.
In order to study interaction of E. huxleyi with a specific pathogenic bacterium, we isolated from CAM a Sulfitobacter (termed Sulfitobacter D7) that belongs to the Roseobacter clade and sequenced its genome (BioProject PRJNA378866) (Supplementary Figures S1b and S2). Sulfitobacter D7 showed algicidal effects against E. huxleyi cultures upon co-culturing. Time course experiments of E. huxleyi cultures incubated with 10 3 Sulfitobacter D7 mL -1 revealed a three-phase dynamics (Figure 1b-d) . In phase I, both control and co-cultures grew exponentially, until day 9, followed by stationary phase (namely, phase II) ( Figure 1b ). During phase III (12-15 days) of co-culturing, algal abundance declined rapidly and algal cell death occurred in ~90% of the population, while in control cultures it reached only ~40% during stationary phase (Figure 1c ). Rapid bacterial growth coincided with algal cell death during co-culturing, reaching 5.5·10 7 bacteria mL -1 by day 16 (overall growth of four orders of magnitude), while no bacteria were observed in control cultures (Figure 1d ). Interestingly, during phases II and III of coculturing, we reproducibly detected a distinct pungent scent of volatiles that emerged only from Sulfitobacter D7-treated cultures (Figure 1b Figure S1c -e, Supplementary Text S1). Moreover, Sulfitobacter D7 abundance during co-culturing with CAM increased steadily by 3 orders of magnitude, as quantified by qPCR ( Supplementary Figure S1e Sulfitobacter D7 attachment to E. huxleyi cells. Arrow in (g) points to a membrane blebbing-like feature.
Results depicted in b-d represent average ± SD (n = 3). Error bars < than symbol size are not shown. Statistical differences in (b-d) were tested using repeated measures ANOVA. P-values are <0.001 for the differences between control and co-cultures.
We examined the specificity of the algicidal activity of Sulfitobacter D7 by comparing the dynamics of co-culturing with an additional bacterial strain, Marinobacter D6, which was also isolated from CAM (Supplementary Figure S3 ). Although bacterial growth was prominent and reached similar concentrations as Sulfitobacter D7, the algal culture persisted in stationary growth and no increase in algal cell death was observed.
Herein, we used the term "bacterial infection" to describe the algicidal impact of Sulfitobacter D7 on E. huxleyi.
Scanning Electron Microscopy (SEM) analysis of E. huxleyi-Sulfitobacter D7
interaction revealed membrane blebbing-like features in infected E. huxleyi cells at phase II of the infection (Figure 1g ), likely corresponding to early stages of cell death (54) ( Figure   1c ). Furthermore, some E. huxleyi cells had bacteria attached to their surface in a polar manner ( Figure 1f ). Since previous results suggested that physical attachment of Roseobacters to dinoflagellates led to algal cell death during a natural bloom (49), we speculate that Sulfitobacter D7 attachment to E. huxleyi cells may promote its algicidal activity, but further research on the role of physical attachment in Sulfitobacter D7 virulence is required.
We further aimed to explore the ecological significance of our lab-based system for alga-bacterium interaction under natural settings of a coccolithophore bloom in the North Atlantic Ocean that occurred during July 2012 (NA-VICE cruise) (42, 55) . We sampled the water column at different depths along a bloom patch, termed Cocco1, where we followed a water mass (quasi-lagrangian) and sampled four stations that represent a time course of ~3 days (stations 1-4, Figure 2a , Supplementary Table S1 ). This allowed to locally monitor the succession of an E. huxleyi patch. Detection of E. huxleyi cells was achieved by microscopic observations, flow cytometry, molecular analyses and satellite imagery of chlorophyll fluorescence and particulate inorganic carbon (PIC), representing the calcium carbonate exoskeleton of E. huxleyi (42, 56) . E. huxleyi cells were prevalent in surface waters, peaking at 30-40 meters (Figure 2b -e, Supplementary Figure S4 ), with cell concentrations typical for oceanic E. huxleyi blooms (up to ~10 3 cells mL -1 ) (28, 29) . Using qPCR analyses, we detected the presence of Sulfitobacter bacteria which were abundant mainly at the surface, reaching a maximum level of 8.4·10 3 bacteria mL -1 , but was also found in deeper waters (Figure 2b 
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In order to characterize the metabolic basis of E. huxleyi-Sulfitobacter D7 interaction we sought to reveal the nature of the emitted volatiles during bacterial infection ( Figure 1b (58, 59) . We therefore consider these volatiles part of the MeSH pool.
MeSH and DMS are known products of competing catabolic pathways of DMSP (Supplementary Figure S7) (60) . The "DMSP demethylation" pathway involves enzymatic demethylation of DMSP (encoded by dmdA genes (61)) and subsequent production of MeSH, which can be incorporated into bacterial proteins (62) . The "DMSP-cleavage" pathway is catalyzed by a DMSP-lyase enzyme (encoded by various bacterial ddd genes To identify pathways involved in DMSP catabolism, we generated a draft genome sequence for Sulfitobacter D7 (BioProject PRJNA378866). Gene mining analysis revealed all the putative genes of the DMSP demethylation pathway and none of the known genes in the DMSP-cleavage pathway (Supplementary Figure S7 ). Accordingly, Sulfitobacter D7 grown in mono-cultures in the presence of DMSP or in algae-derived conditioned medium consumed DMSP and produced MeSH but not DMS (Supplementary Text S2, Supplementary Table S2 ). We suggest that during infection Sulfitobacter D7 consume E. huxleyi-derived DMSP and produce MeSH which can be assimilated into bacterial biomass. DMS found both in control and infected E. huxleyi cultures was most likely a product of the activity of the DMSP-lyase, Alma1, encoded by E. huxleyi (33) .
Interestingly, DMSPd was detected during the E. huxleyi bloom that we sampled in the North Atlantic Ocean (Figure 2b -e, Supplementary Figure S4 ). The concentrations ranged between 13-45 nM, which were comparable with previous studies of E. huxleyi blooms (5, 43) . The presence of this metabolic currency along with E. huxleyi and Sulfitobacter D7 strengthens the potential of this interaction occurring in the natural environment and that it is mediated by algal DMSP.
We further aimed to assess the interplay between accumulation of algae-derived DMSPd and the dynamics of Sulfitobacter D7 growth and pathogenicity. We used a suite of axenic E. huxleyi strains which differentially accumulated DMSPd in media of monocultures ( Figure 4a ). This difference was most prominent in stationary phase (11 days) when media of E. huxleyi strain 379 had the highest DMSPd concentration, followed by strains 1216, 373 and 2090 (72, 27, 13 and 5.5 µM on average, respectively). Inoculation of Sulfitobacter D7 into conditioned media (CM) derived from all E. huxleyi strains in stationary phase (11 days) revealed that Sulfitobacter D7 consumed alga-derived DMSP (Table 1) Supplementary Table S3 ). Pronounced differences were observed for the dynamics of phase III in which E. huxleyi 379 cultures declined most rapidly (within 5 days) followed by strains 1216 (within 7 days) and 373 (within 10 days). In all cases, the decline in algal abundance correlated with growth of bacteria that reached ~10 8 bacteria mL -1 , corresponding to phase III, except in 2090 where bacterial abundance was 10-fold lower. Moreover, the duration of phase III had an inverse correlation with the concentration of DMSPd in the media of uninfected E. huxleyi strains ( Supplementary Table S3 ). Namely, strains that accumulated more DMSPd in the medium during algal growth in mono-cultures were more susceptible to Sulfitobacter D7 infection during co-culturing. This raised the hypothesis that DMSP is not only an important carbon and reduced sulfur source for bacterial growth but may also promote Sulfitobacter D7 pathogenicity against E. huxleyi.
Table 1. Concentration of dissolved DMSP (DMSPd) and its consumption by
Sulfitobacter D7 grown for 24 h in conditioned media (CM) derived from various E. huxleyi strains at 11 days of growth ( Figure 4a ). DMSP has many suggested cellular functions including osmoregulation, antioxidant and chemoattractant (24, 63, 64) . Our results place DMSP as mediator of bacterial virulence via several suggested cellular pathways ( Figure 6 ). Firstly, DMSP promotes growth of Sulfitobacter D7 (Supplementary Figure S9) and it is consumed and metabolized to MeSH by the bacterial demethylation pathway (Figure 3 ). DMSPdegrading bacteria can produce more cellular energy from demethylation rather than cleavage of DMSP (65) . In both pathways there is gain of reduced carbon but only through demethylation there is gain of reduced sulfur that can be incorporated into amino acids (methionine and cysteine) (62, 66) . As demonstrated in P. inhibens, these amino acids can subsequently be incorporated into bacterial algicides, roseobacticides, that kill E. huxleyi cells (12, 52, 67) . Therefore, DMSP and its metabolic products can promote bacterial virulence by acting as precursors for the synthesis of bacterial algicides.
DMSPd (µM) DMSP consumed (µM) d
Interestingly, roseobacticides biosynthesis by P. inhibens is regulated by quorum sensing (QS) (52) , as is virulence of many other pathogenic bacteria (68). Moreover, the production of QS molecules in Roseobacters can be stimulated by DMSP (22) . Thus, the involvement of QS may also be applicable in the E. huxleyi-Sulfitobacter D7 system described here. Genomes of Sulfitobacter spp., including Sulfitobacter D7, indeed encode genes involved in N-acyl-L-homoserine lactone (AHL)-based QS (69, 70) . It was also shown that a precursor for QS molecules produced by the bacterium Pseudoalteromonas piscicida induced mortality of E. huxleyi in cultures (71) . Therefore, biosynthesis of QS molecules can regulate expression of virulence-related genes and may also contribute to pathogenicity by producing intermediate compounds that function as algicides themselves.
Further investigation is needed in order to assess the involvement of QS and algicides in the pathogenicity of Sulfitobacter D7.
DMSP can also mediate Sulfitobacter D7 virulence by acting as a chemotaxis cue towards E. huxleyi phycosphere. Marine bacteria can sense DMSP and use it as a signal for chemotaxis (24) in pathogenesis (72) and symbiosis (25, 73) . Sulfitobacter D7 is a motile bacterium and its genome encodes flagella biosynthesis genes. Therefore, DMSP released from E. huxleyi cells can serve as a cue in which Sulfitobacter D7 can locate algal cells and subsequently attach and consume DMSP (Figure 1f,g, Figure 3e ). Since DMSP is not a specific metabolite for E. huxleyi, and can be produced by diverse algal species, it is likely that other infochemicals also mediate the specificity of this interaction. Such infochemical could convey information regarding the physiological state of the algal cell. For example, p-cumaric acid, a molecule released from senescing E. huxleyi cells and was shown to trigger production of roseobacticides by P. inhibens (12, 52) .
Specificity in DMSP signaling can also be achieved by differential exudation rates among E. huxleyi strains (Figure 4a ). Indeed, we found correlation between patterns of DMSP exudation and the response of E. huxleyi strains to Sulfitobacter D7 infection.
Strains exhibiting higher exudation were more susceptible and died faster upon
Sulfitobacter D7 infection ( Figure 4) . Therefore, the extent of metabolites exudation by algal strains would shape an "individual phycosphere", which can potentially determine the susceptibility to bacterial infection. This algicidal microscale interaction may shape the population of E. huxleyi strains during algal bloom dynamics. During interaction, Sulfitobacter D7 consumes E. huxleyi-derived DMSP and transforms it into MeSH, which facilitates bacterial growth. DMSP and its metabolic products can promote production of QS molecules (22) and bacterial algicides (52) , which were proposed to be involved in bacterial virulence. Furthermore, DMSP may facilitate bacterial chemoattraction to algal cells (25, 72 
Materials and Methods

Oceanographic cruise sampling and isolation of CAM bacterial consortium
Waters were collected from 61. Sulfitobacter D7 and Marinobacter D6 were grown in marine broth (Difco) and stored in 15% glycerol at -80°C.
Phylogenetic analysis
A multiple sequence alignment was generated using MUSCLE (80) with the default parameters. A maximum likelihood phylogeny was inferred using RAxML (81) under the GTRCAT model. Nodal support was estimated from a rapid bootstrap analysis with 1,000
replicates.
Sulfitobacter D7 whole-genome sequencing and assembly
Sulfitobacter D7 genomic DNA was extracted using a DNeasy Blood & Tissue Kit by centrifugation (10,000 g, 1 min). Algal cultures were inoculated at t = 0d with 10 3 bacteria mL -1 . In the experiment presented in Figure 5 , E. huxleyi 2090 cultures were inoculated with 10 6 bacteria mL -1 . When noted, DMSP, glycerol or propionate were added at t = 0d. DMSP was synthesized according to Steinke et al. (32) . 
Enumeration of algae and bacteria abundances and algal cell death by flow cytometry
Scanning electron microscopy (SEM)
Samples of 0.5 mL were mixed with 0.5 mL of fixation medium (3% paraformaldehyde, 2% glutaraldehyde and 400mM NaCl, final) and stored at 4°C. Samples were adhered to silicon chips coated with poly-L-lysine (0.01%, Sigma-Aldrich). After three washes in 0.1M cacodylate buffer, samples were post-fixed with 1% OsO4 for 1 hr followed by three washes in 0.1M cacodylate buffer and three washes in milliQ water. Samples were dehydrated by a series of increasing concentration of ethanol (30% to 100%). Ethanol was replaced by liquid CO2 and critical point dried in BAL-TEC CPD 030. Lastly, samples were coated with gold/palladium (Edwards, S150) and imaged using High Tension Mode of XL30 ESEM.
Enumeration of E. huxleyi and Sulfitobacter D7 by quantitative PCR (qPCR)
For environmental samples, genomic DNA was extracted using an adapted phenol- After a delay of 10 s, mass spectra were acquired at 20 scans s -1 with a mass range from 45
to 450 m/z. Peak detection and mass spectrum deconvolution were performed with ChromaTOF software (Leco). Identification was performed according to NIST library.
Identification of DMDS was proofed by injection of commercial standard (Sigma-Aldrich).
Evaluation of volatile organic sulfur compounds (VOSCs)
Samples were collected by small-volume gravity drip filtration (SVDF) (88) (see full description in the following section) and quickly diluted (1:10 in DDW) in a gas-tight vial.
DMS, MeSH and DMDS levels were determined using Eclipse 4660 Purge-and-Trap
Sample Concentrator system equipped with Autosampler (OI Analytical). Separation and detection were done using gas chromatography-flame photometric detector (GC-FPD, HP 5890) equipped with RT-XL sulfur column (Restek). The GC oven temperature program was 100°C for 1 min followed by a 70°C min -1 ramp to a final temperature of 240°C with 7 min hold time. All measurements were compared to standards (Sigma-Aldrich) (Supplementary Figure S6) . For calibration curves, DMS and DMDS were diluted in DDW to known concentrations. For MeSH standard we used MeS -Na + dissolved in DDW and added HCl in 1:1 ratio by injection through the septa of the vials. We could not quantify MeSH since part of it was oxidized to DMDS during the procedure (Supplementary Figure  S6c ). Therefore, MeSH abundance is presented as square-root of the area of the peak corresponding to MeSH. No VOSCs were present in blank (DDW) samples.
Determination of DMSP concentration
Lab experiments
Samples for dissolved DMSP (DMSPd) were obtained by small-volume gravity drip filtration (SVDF) (88) . E. huxleyi cultures were filtered through Whatman GF/F filters by gravity using filtration towers. Filtrates (~3 mL) were acidified to 1.5% HCl for DMSPd The U-tube section of the vacuum line (located between the membrane inlet and mass spectrometer) was immersed in an isopropanol bath (held at < -45°C) to remove water vapor from the gas stream prior to introduction of the stream into the mass spectrometer.
In this configuration, the system maintained an operating vacuum pressure of 2.0 (± 0.2) ·10 -5 mbar. The sample liquid was pumped from the bottom of the sample test tube and through the membrane until the mass spectrometer signal stabilized (typically a minimum of six minutes). DMS was monitored semi-continuously by scanning at m/z 62 for 5 seconds every 15 seconds using the secondary electron multiplier detector.
Calibration of the MIMS instrument was carried out with freshly-prepared basehydrolyzed DMSP standards made using ESAW synthetic seawater and commerciallyavailable DMSP powder (Research Plus, Bayonne, New Jersey). The detection limit for the system was 0.2 nmol L -1 .
Sulfitobacter D7 growth in conditioned media (CM) and minimal medium (MM)
supplemented with DMSP Sulfitobacter D7 were grown over-night in 1/2YTSS at 28°C. Bacteria were washed three times in artificial sea water (ASW) (91) by centrifugation (10,000 g, 1 min). Media were inoculated with 10 4 bacteria mL -1 . CM were obtained from mono-cultures of E. huxleyi strains by SVDF (88) . This method was chosen in order to prevent lysis of algal cells during the procedure and release of intracellular components. Following SVDF, media were filtered through 0.22 µm using syringe filters. In the experiment presented in Figure 4b bacterial growth was followed for 24h. MM was based on ASW supplemented with basal medium (-Tris) (BM, containing essential nutrients) (92) and vitamin mix (93) . In the experiment presented in Supplementary Table S2 the MM was supplemented with 1 gr L -1 glycerol and 70 µM DMSP (synthesized according to Steinke et al. (32) ). Bacterial growth, DMSPd and VOSCs levels were measured at t = 0h and t = 24h. In the experiment presented in Supplementary Figure S9 the MM was supplemented with 0.01 gr L -1 glycerol, 0.5 mM NaNO3, metal mix of k/2 medium (85) and different concentrations of DMSP.
Bacterial growth was measured at t = 16h.
Statistical analyses
For all time-course experiments, significant differences in the various parameters were determined using a one-way/two-way repeated measures ANOVA. In other experiments, differences were tested by a one-way ANOVA. Tukey post-hoc tests were used when more than two levels of a factor were compared.
